The sigma site is a recently described binding site to which dextrorotary isomers of certain psychotomimetic benzomorphans bind specifically.
Classical and nonclassical neuroleptics also have high affinity for the sigma site, including neuroleptics known to bind to the D2 dopamine receptor. The affinity of some DP-binding neuroleptics for the sigma site has raised the possibility that certain important effects of antipsychotic drugs may relate to the sigma site. Left unresolved has been the question of how these actions could relate to dopaminergic systems. To explore this issue we carried out an autoradiographic binding study of the distribution of the sigma-selective ligand 3H-DTG in the nigrostriatal system. We report here that haloperidol-displaceable 3H-DTG binding sites are densely concentrated in an anatomically discrete subdivision of the cat's substantia nigra pars compacta.
This zone, identifiable as the striosomeprojecting densocellular zone of the pars compacta, also shows heightened DS-related ligand binding but has reduced Dl -related ligand binding relative to other parts of the nigral complex. This evidence suggests that sigma-mediated interactions with dopaminergic systems may occur in the substantia nigra pars compacta and that the functional effects of these interactions may influence the nigrostriatal projection to striosomes differentially.
In the original classification of opioid receptors introduced by Martin and his colleagues (Martin et al., 1976; Martin, 198 l) , sigma receptors were identified as the sites accounting for the "mania" elicited in spinal dogs by N-allylnormetazocine (SKF 10,047) and related benzomorphans. The psychotomimetic effects of such drugs have since been attributed to nonopioid sites that are not sensitive to naloxone or etorphine (Iwamoto, 198 1; Su, 1982; Vaupel, 1983; Tam, 1985) . An important differentiation has been made between 2 distinct sites binding SKF 10,047: the phencyclidine (PCP) site, which has a low affinity for the (plus) isomer of SKF 10,047 and is now known to be related to the N-methyl-D-aspartate (NMDA) subtype of glutamate receptor; and a site with high affinity for (plus) SKF 10,047, which is now known as the sigma receptor (Largent et al., 1984 Tam and Cook, 1984; Zukin et al., 1984; Gundlach et al., 1985; Tam, 1985; Sircar et al., 1986) . This sigma receptor exhibits high affinity for the neuroleptic drug haloperidol but does not bind dopamine Weber et al., 1986a) . It shows stereospecificity for SKF 10,047 and other benzomorphans and is thought to be responsible for some of the psychotomimetic effects of benzomorphans and related opiate drugs Weber et al., 1986b) . A number of phenothiazines are also active at sigma receptors. Most recently, sigma receptors have been implicated in the binding of steroids in the brain (Su et al., 1988) . Given these pharmacologic properties, there is considerable interest in learning about the mechanisms and sites of action of these haloperidol-sensitive receptors.
The first anatomic evidence for discrete localization of sites binding sigma ligands was obtained by Largent, Gundlach, and coworkers (Largent et al., 1984; Gundlach et al., 1985 Gundlach et al., , 1986 . They carried out autoradiographic surveys of guinea pig and rat brain with a synthetic sigma-selective radiolabeled piperidine derivative, 3-(2-hydroxyphenyl)-N-( 1 -propyl)piperidine . More recently, a similar study was made in the guinea pig with a radiolabeled sigma-selective derivative of guanidine, 1,3,di-ortho-tolyl-guanidine (3H-DTG) (McLean and Weber, 1988) . Both radioligands were found to have broad binding distributions within the forebrain and hindbrain, but both also displayed enhanced binding in a subset of regions identified as parts of the limbic and motor systems. Of particular interest was evidence that these sigma ligands bind in the substantia nigra pars compacta (Largent et al., 1984; Gundlach et al., 1985 Gundlach et al., , 1986 because the sigma ligand 3-PPP was known to have effects suggesting dopaminergic agonist activity (Hjorth et al., 1981 (Hjorth et al., , 1983 Arnt et al., 1983a, b; Clark et al., 1985) .
In the study reported here, and briefly elsewhere (Graybiel et al., 1987a) , we examined the distribution of sigma-selective 3H-DTG binding in the nigrostriatal system in the cat. By carrying out the autoradiographic binding in this species, we could interpret the findings in relation to the subdivisions of the dopamine-containing A8-A9-A 10 cell complex recently identified in the cat as having differential projections to the striosome and matrix subdivisions of the striatum (Jimenez-Castellanos and Graybiel, 1987) . We were also able to take advantage of new observations on the differential distributions of Dl-and D2-selective dopamine receptor radioligands in the substantia nigra of this species (Beckstead, 1987; Richfield et al., 1987; Besson et al., 1988) to compare directly the distribution of sigma sites with the location of the dopamine-receptor binding subtypes. The results demonstrate intense sigma binding in the nigral cell complex but suggest that the highest sigma binding is restricted to a single part of the substantia nigra pars compacta. As this subdivision has a preferential pattern of nigrostriatal connectivity with striosomes and is characterized by a profile of low D 1 binding and high D2 binding relative to neighboring parts of the nigral complex, our findings raise the possibility that sigma-mediated interactions with the dopaminergic nigrostriatal system may be highly selective at a functional level.
Materials and Methods
Tissue was obtained from the brains of 6 healthy adult cats without known pharmacologic treatments prior to induction of deep anesthesia with sodium pentobarbital (Nembutal). Brains were rapidly removed, and blocks containing the striatum and substantia nigra were frozen in pulverized dry ice and mounted on cryostat chucks. Coronal 15rm-thick sections were thaw-mounted onto cold gelatin-coated slides and were collected in serial order. Sections taken at regular intervals were reserved for acetylcholinesterase (AChE) histochemistry (Geneser-Jensen and Blackstad, 197 1; Jimenez-Castellanos and Graybiel, 1987) and tyrosine hydroxylase (TH) immunohistochemistry (Jimenez-castellanos and Graybiel, 1987) . All others were dried at 4°C under vacuum for 2-5 hr and were then stored at -20°C in slide boxes containing Drierite for at least 2 weeks before further processing (Lewis et al., 1982) .
Ligand bindingautoradiography. Series of sections chosen for binding were warmed and incubated (1) with 3H-DTG [synthesized as described by Weber et al. (1986a) ] according to the protocol of McLean and Weber (1988) with slight modifications to demonstrate sigma binding sites; (2) with 3H-SCH23390 (New England Nuclear) by methods described for the cat by Besson et al. (I 988) to demonstrate D 1 binding sites; (3) with 'H-sulpiride (Amersham) according to Gehlert and Wamsley (1985) with slight modifications to demonstrate D2 binding sites; or (4) with ZH-naloxone according to Herkenham and Pert (1982) to demonstrate opiate binding sites. Sections were placed flat in plastic boxes lined with damp towels and 500 ~1 of the preincubation and incubation solutions were applied successively to the sections. Washes were carried out in coplin jars. In every experiment controls for nonspecific binding were prepared in parallel with the series for specific binding.
For sigma binding, sections were preincubated for 5 min at 4°C in 50 mM Tris buffer (uH 8.0) containing 1 me/ml BSA and then were in-._ cubated for 45 min at room temperaturein the same buffer solution containing 2.0 nM (4 cats) or 30 nM (2 cats) 'H-DTG. Two 5 min postincubation washes were carried out at 4°C in 10 mM Tris buffer (pH 7.4) containing 0.2 mg/ml BSA. Control sections were treated identically except that 10m5 M haloperidol was added to the incubation solution. For Dl-selective binding, incubations were carried out at room temperature for 60 min incubation in 2.5 nM )H-SCH23390 in 50 mM Tris HCI buffer containing salts (Tris-salt buffer) as follows: 120 mM NaCl, 5 mM KCI, 2 mM CaCl,, and 1 mM MgCI,. The buffer was brought to pH 7.4 with 10 N NaOH. Following incubation, sections were washed twice for 2 min in T&salt buffer. Nonspecific binding controls were incubated in the presence of 10m6 M unlabeled SCH23390 (gift of Dr. R. Iorio). Incubations for D2 binding were carried out at room temperature in 20 nM 'H-sulpiride in Tris-salt buffer containing 0.01% ascorbic acid, and sections were washed in the buffer twice for 2 min. Control sections were incubated in the presence of 1 Om" M haloperidol.
Following incubation and washes in buffer, sections were dipped in distilled water and were dried under a stream of cold air, apposed to ZH-sensitive film (Amersham or LKB), and stored at room temperature in X-ray cassettes for time periods determined by trials (2.0 nM sigma, ca. 8 weeks; 30 nM sigma ca. 5 weeks; Dl, ca. 3 weeks; D2, ca. 8 weeks) before being develoned in Kodak D-19. Amersham 3H-microscale standards, as well as sections for nonspecific binding, were apposed to each of the films along with the sections for specific binding. For sigma binding, selected sections were exposed to formaldehyde vapors and then dipped in chloroform after incubation to test for the possibility that patterns of myelinization contributed to the binding patterns observed.
Binding curves. Curves for specific and nonspecific 'H-DTG binding were made on the basis of counts obtained from sections incubated according to the protocol followed for the autoradiography in ascending concentrations of 'H-DTG from 1.4 to 90 nM. After being dried, the ventral halves of sections at levels through the substantia nigra, some containing attached pontine gray matter, were scraped off the slides into scintillation vials for counting or for estimates of protein content by the Lowry method (Lowry et al., 195 1) . With occasional exceptions, 4 sections for specific binding and 4 for nonspecific binding were processed for each concentration of 'H-DTG along with blanks in which tissue was omitted, and 4 sections were used for the Lowry assay. Average disintegrations per minute (dpm) were calculated for all binding conditions, and data were analyzed with RS/l software. Total binding and nonspecific binding values were determined as averages of the multiple determinations, and specific binding was calculated as differences of these two. Values were expressed as dpm/mg protein/section using the results of the Lowry assays. Total, specific, and nonspecific binding curves were plotted, Scatchard analysis was performed by linear regression, and Kd and B,,, were calculated with the RS/ 1 program.
Histochemistry and immunohistochemistry. In every case sections briefly postfixed in 0.1% glutaraldehyde in 0.1 M PO, buffer were stained on-slide for AChE activity by a modified Geneser-Jensen and Blackstad method (197 l) , and other sections briefly postfixed in 0.1 M phosphate buffer containing 4% paraformaldehyde were processed for TH-like immunoreactivity in neurons of the A8-A9-A10 cell complex by methods described by Jimenez-Castellanos and Graybiel (1987) . Antibodies to TH were purchased from Eugene Tech and were used at a dilution of 1:250 in a peroxidase-antiperoxidase immunohistochemical protocol with double bridge steps (Graybiel et al., 1987b) . In most instances, sections incubated for ligand binding were stained for AChE after completion of the autoradiographic exposure period.
Anatomical analysis. Analysis of the autoradiograms and stained sections was mainly qualitative. Films were studied, photographed, and compared with other autoradiograms and to stained sections viewed with the aid of a macroprojector or microscope. Alignments of films and sections were made by matching blood vessels and other local landmarks.
Subdivisions of the A8-A9-A10 cell complex were identified according to the conventions described in Jimenez-Castellanos and Graybiel (1987) . Within the substantia nigra pars compacta (cell group A9), a caudomedial zone of densely packed TH-positive neurons corresponds to the densocellular zone. This region has fingerlike forward extensions that appear as cell nests in transverse TH-immunostained sections. The larger more lateral and anterior part of the substantia nigra's pars compacta containing loosely arranged TH-positive neurons corresponds to the cell-sparse zone of the pars compacta. The pars lateralis, also sparsely populated by TH-positive neurons, extends laterally from the cell-sparse zone. Cell group A8 (the retrorubral nucleus) forms a large dorsally and caudally situated zone. The borderline between the medially located ventral tegmental area (cell group AlO) and cell groups A8 and A9 is not sharply drawn.
For identification of these subdivisions of the nigral complex we routinely relied on patterns of AChE staining visible in the same or adjacent sections. Particularly clear is the main part of the densocellular zone, which has lower AChE staining than adjoining regions (JimenezCastellanos and Graybiel, 1987) . There is somewhat reduced AChE staining in the pars lateralis relative to that in the adjoining cell sparse zone and pars reticulata. Cell group A8 can usually be located by the appearance of heightened AChE activity in the neuropil dorsal to and intermingled amid the fibers of the medial lemniscus.
At striatal levels, striosomes were identified as ca. 0.5-mm-wide zones having characteristically reduced AChE staining relative to that in the surrounding matrix (Graybiel and Ragsdale, 1978) .
Quantitative autoradiography. A limited series of sections was analyzed by quantitative densitometric methods with the aid ofa computerassisted device (Imstar). Quantitative estimates of ligand binding were made by measuring the optical density in particular regions of interest.
In some instances, a profile of optical density was made along traverses across the autoradiographic images of the sections (see Fig. 3 ). Optical densities given by the 3H-microscale Amersham standards were first measured, and a regression curve was drawn to obtain the correspondence between optical density and radioactivity in &i/mg of tissue. The optical densities were then converted to femtomoles ofbound ligand according to the specific activity of the tritiated ligand used. 
Results 'H-DTG binding characteristics
The measurements made from sections through the ventral midbrain suggested that the binding of 3H-DTG had a specific component that was saturable and that had an apparent Kd of 8.85 nM and an apparent B,,, of 306.5 fmol/mg protein (Fig. 1A ). Nonspecific binding increased linearly but sharply with increasing concentrations of SH-DTG. The nonspecific component comprised 18% of the total at 1.4 nM 3H-DTG and 27% at 2.9 nM 'H-DTG, concentrations bracketing the 2 nM standard incubation concentration for the autoradiographic work. Nonspecific binding was nearly 40% at the estimated Kd The results of Scatchard analysis were compatible with binding to a single site (Fig. 1B) . By autoradiographic analysis, moderate levels of 3H-DTG binding appeared in much of the gray matter, and binding was very low in white matter (Fig. 2) . Intense binding was present in the choroid plexus, and heightened binding appeared in a subset of regions ofthe forebrain and brain stem, including many as reported previously for the guinea pig and rat: for example, motor nuclei of the cranial nerves, the hippocampal formation, anterior and midline-intralaminar thalamus, and pontine nuclei McLean and Weber, 1988) . Perceptible binding was nil in sections incubated in the presence of 10m5 M haloperidol, as shown in Figure 2 , A, A'. At 30 nM 3H-DTG, the highest concentration of ligand used in test experiments, binding was nearly abolished by 1O-5 M haloperidol as well (Fig.  2, B , B'). Binding patterns were not eliminated by defatting to abolish quenching by myelinated fibers (Fig. 2 , C, C").
'H-DTG binding in the A8-A9-Al0 cell complex Dense binding appeared in the substantia nigra pars compacta in a discretely localized medial and caudal part of this nigral subdivision. As illustrated in Figure 3 , comparison of the autoradiographic films and the AChE staining in serially adjacent sections indicated a close spatial match between the region of heightened ligand binding and the zone of low AChE activity identifiable as the densocellular zone of the substantia nigra pars compacta. For example, on the left side of the sections a patch of heightened binding at the lateral edge of the grain-dense band matches a lateral patch of low AChE activity. Also recognizable in the AChE-stained section of Figure 3B are the cell-sparse part of the substantia nigra's pars compacta and the pars reticulata, both of which are heavily stained; the pars lateralis, which has relatively reduced AChE staining; and the rostra1 part of the A8 cell group, identifiable by a dorsal extension of AChE-positive neuropil above the level of the substantia nigra proper. None of these nigral subdivisions shows particularly intense )H-DTG binding. The binding in cell group A8 is greater than that in the immediately adjoining reticular formation, but relative to the densocellular zone (or to other intensely labeled regions such as the central gray substance), the binding is not marked. Finally, binding is weak in most of the ventral tegmental area, in sharp contrast to the intense binding in the adjoining interpeduncular nucleus. Just dorsal to the interpeduncular nucleus, however, in a region apparently corresponding to the interfascicular nucleus, sigma binding is quite dense. Figure 3C shows densitometric measurements made for the 3H-DTG binding illustrated photographically in Figure 3 . A traverse was made across the ventral midbrain so that relative densities could be shown for the substantia nigra pars reticulata and pars compacta, and for the median and paramedian structures in and around the interpeduncular nucleus. The )H-DTG binding was higher in the pars compacta's densocellular zone than in any of the neighboring structures. Taking the binding levels in the densocellular zone to be lOO%, the values from a series of 7 such passes are as follows: substantia nigra pars reticulata, 45%; cell group A8, 40%; ventral tegmental region, 30%; and interpeduncular nucleus, 65%.
More rostra1 and caudal levels through the nigral complex are shown in Figure 4 . In the rostra1 part of the substantia nigra, 3H-DTG labeling was nearly homogeneously distributed. It was not possible, for example, from the sigma autoradiograms alone to discriminate between the pars compacta and the pars reticulata. In Figure 4A , a region of slightly enhanced binding in the medial part of the substantia nigra immediately beside the exiting rootlets of the oculomotor nerve and a pocket of slightly conditions. Each pair of sections was treated in parallel and exposed on the same film. For sections shown in A and A' (from CDAR-B), binding was carried out in 2.0 nM 'H-DTG; for A', 1O-5 M haloperidol was added to the incubation solution. Sections shown in B and B' (from CDAR-9) were incubated in 30 nM 'H-DTG with (B') or without 1O-5 M haloueridol. Sections in C and C'(from CDAR-7) were treated similarly except that section c' was defatted after incubation and drying. Scale bar, 3 mm for all panels.
enhanced binding corresponding to the rostra1 pole of cell group A8 give the only hints of preferential labeling within the complex. In fact, binding was higher along the dorsolateral corner of the substantia nigra, in the region of the peripeduncular nucleus, than in the immediately adjoining substantia nigra. The peripeduncular nucleus, distinguished by affiliations with the amygdala (Mehler, 1980) and by differentially high somatostatin-like immunoreactivity (Graybiel and Elde, 1983) , is not considered to form part of the nigral complex.
There was a sharp contrast between the high levels of 3H-DTG binding in the substantia nigra's densocellular zone and the low levels of binding in the ventral tegmental area adjoining it medially. In the interpeduncular nucleus, however, binding was intense; and along the dorsal rim of the interpeduncular nucleus, corresponding apparently to the nucleus interfascicularis and foyer pedunculaire of the central linear nucleus (Berman, 1968; Phillipson, 1979; Swanson, 1982; Poirier et al., 1983) , binding was also enhanced.
At the more caudal levels shown in Figure 4 , B, C, the densocellular zone of the substantia nigra is present and can be as readily recognized by the intense 3H-DTG binding there as by its low AChE staining. Some binding is visible also in more lateral parts of the substantia nigra and in cell group A8, which forms a prominent dorsal cap overlying the caudal part of the substantia nigra. These binding levels, however, do not approach the high levels characteristic of the densocellular zone.
A closely similar pattern of selectively dense 3H-DTG binding in the densocellular zone appeared in each brain examined. This was true for sections incubated in 30 nM 'H-DTG (Fig. 2B') and for sections that were defatted following incubation and drying (Fig. 2C') .
Comparisons of sigma-selective 3H-DTG binding with DI and 02 dopamine receptor-selective binding and with mu opiate receptor-selective binding
The autoradiograms of Figure 5 illustrate the disposition of 3H-DTG binding in the nigral complex in relation to 3H-SCH23390, 3H-sulpiride, and 3H-naloxone binding.
The 2 dopamine receptor-related ligands have markedly different distributions in relation to the sigma binding. There is partial, if not full, complementarity between the strong 3H-DTG labeling of the densocellular zone (Fig. 54) and low D 1 -related 3H-SCH23390 binding there (Fig. W) . By contrast, there is a close alignment between the zone of heightened 3H-DTG binding in the medial part of the substantia nigra pars compacta and the zone of slightly heightened D2-related 3H-sulpiride binding Figure 3 . Photographs of JH-DTG autoradiogram (A) and nearly adjoining AChE-stained section (B) from case CDAR-8 illustrating sigma binding in the nigral complex and ventral tegmental region. In the n&al complex, dense binding is confined to the densocellular zone of the substantia nigra's pars compacta [SNc(dz)*], identifiable in the companion AChE-stained section as a region of weak staining. Note detailed match of the AChE-poor zone and the zone of enhanced 'H-DTG binding, especially clear on right side. In paramedian tegmentum, note heightened 'H-DTG binding in the interpeduncular nucleus (1P) and above it in the interfascicular nucleus and central linear nucleus, including its "foyer pedunculaire" (Berman, 1968; Phillipson, 1979; Swanson, 1982; Poirier et al., 1983) ; and the weaker binding in the rostra1 linear nucleus and in the remainder of the ventral tegmental region (these regions are identified as such in Fig. 4) . C, Plot of the level of absorption measured by computer-assisted densitometry along a traverse through the nigral complex at the level indicated by the arrows in A. The scales of A and C are adjusted so that there (Fig. 5D) . Only the 3H-SCH23390 binding is relatively intense in the pars reticulata. The opioid ligand 3H-naloxone showed a slightly enhanced binding in the region just ventral to the densocellular zone; in this respect, it resembles the Dlrelated 3H-SCH23390 binding, but binding in the remaining pars reticulata is lacking. The weak 3H-naloxone binding in the nigral complex was not a consequence of generalized low levels of binding for this ligand, as shown in Figure 5E by the intense binding in the immediately adjoining interpeduncular nucleus. Table 1 shows the quantitative estimates of 3H-DTG, 3H-SCH23390, 3H-sulpiride, and 3H-naloxone binding for the same sections as those shown in the photographs of Figure 6 . The differences in relative labeling of individual cell groups of the nigral complex confirm the visual impression of differential binding given by the autoradiograms: 3H-DTG binding in the nigral complex was densest in the densocellular zone; 3H-sulpiride binding though generally very weak was also densest there; but 3H-SCH23390 binding and 3H-naloxone binding were relatively weaker in the densocellular zone. Only 3H-naloxone bound strongly to the interpeduncular nucleus, but 3H-DTG binding was appreciable there and also in the interfascicular nucleus and rostra1 raphe complex, including the central and rostra1 linear nuclei.
Location of -'H-DTG binding in the striatum 3H-DTG binding was moderate in all parts of the striatum. As shown in Figure 6 , apparent levels of labeling in the caudate nucleus, putamen, and nucleus accumbens were similar, as judged by the films, and there was almost no hint of local compartmental ordering. Very rarely, zones of slightly reduced binding appeared in the dorsocaudal part of the caudate nucleus. These zones did not appear to correspond to striosomes, as indicated by their lower 3H-sulpiride labeling, heightened 3H-SCH23390 binding, or low AChE activity.
Discussion
The cardinal finding of this study is that the sigma-specific ligand 'H-DTG displays focally intense binding in the densocellular zone of the substantia nigra pars compacta. The potential significance of this finding lies in evidence, presented here and in previous reports (Jimenez-Castellanos and Graybiel, 1987; Besson et al., 1988 ) that this zone is both pharmacologically distinct in terms of the intranigral distribution of other neurotransmitter-related compounds, including dopamine receptor-related ligands, and connectionally distinct in terms of the apparent preferential linkage of this sigma-rich subdivision with the striosomal labyrinths of the striatum. This anatomical specificity raises the possibility that some of the functional effects of sigma-ligands may be similarly focused. If so, they may act selectively on a subset of the dopaminergic pathways now known to interconnect the midbrain and striatum.
Binding characteristics and Scatchard analysis
The selective pattern of 3H-DTG labeling reported here was seen under binding conditions in which ligand binding was saturable and had a high specific (haloperidol-sensitive) component. The heightened labeling of the densocellular zone was t The Journal of Neuroscience, January 1989, 9(l) 331 Besson et al., 1988 ) and the K,, values of 'H-naloxone and )H-sulpiride published for rat brain slices (Herkenham and Pert, 1982; Gehlert and Wamsley, 1985) observed in every animal studied, and it was visible in sections that had been defatted to test for the possibility that the patterning of myelinization in the tissue could account for the distributions observed (Joyce et al., 1986) . Further, in the same brains, different patterns of binding were observed in the nigral complex with other radioligands, so that the pattern of sigma binding was not a general one for ligand binding in the region. We conclude that the )H-DTG binding observed was specifically attributable to sigma binding sites as defined in previous studies with this ligand (Weber et al., 1986a; McLean and Weber, 1988) .
Scatchard plots were linear, suggesting a single binding site for the )H-DTG with a B,,, of 306 fmol/mg protein and a Kd of 8.85 nM for tissue sections blocked down to the ventral midbrain/pans and scraped from slides following incubation. The corresponding values for whole guinea pig brain sections have been reported as B,,, = 573 fmol/section and Kd = 133 nM (McLean and Weber, 1988) . We have no explanation for the difference in values obtained here, but measurements on tissue homogenates suggest variations in B,,,,, and Kd values both among different brain regions and among different species (Sonders et al., 1987; Vu et al., 1987) . Differences between the values obtained from whole-brain homogenates and those from tissue sections from the same species have also been found (Weber et the tips of the UWJWS in A indicate the 2 ends of the absorption curve in C. SNl, substantia nigra pars lateralis; SNr, substantia nigra pars reticulata; CP, cerebral peduncle; PN, pontine gray matter; RN, red nucleus; VTA, ventral tegmental area; ZZZ, oculomotor nucleus. Scale bars, 2 mm. (A, A') , middle (B, B'), and caudal (C, C') transverse levels through the nigral complex illustrating 3H-DTG binding (A-C) and AChE staining (A'-C') in sections from CDAR-6 that were first processed for 'H-DTG binding and then stained for AChE. The 3 sets of photographs were carefully aligned so that details of the binding distributions can be compared with the AChE staining patterns. Note that dense nigral 'H-DTG binding is coextensive with densocellular zone. E W, Edinger-Westphal nucleus (which shows heightened binding); RN, (McLean and Weber, 1988) ; and in cerebellar homogenates, Kd = 27 nM in guinea pig but 57 nM in human (Sonders et al., 1987) . In the experiments reported here, we attempted to obtain Kd and B,,, values characteristics of nigral tissue by collecting only the ventral parts of sections through the midbrain levels containing the substantia nigra. The values obtained cannot be taken as specific for the nigral complex, however, because the region scraped from the slides was larger than the nigral complex proper and included such sites of high binding as the interpeduncular nucleus and part of the pontine gray matter. Relative to the autoradiographic findings on 3H-DTG binding in the guinea pig (McLean and Weber, 1988 ) the nonspecific binding in our experiments was high, about 20% at the standard incubation concentration. This background may have led to a masking of autoradiographic signals of specific binding, but this seems unlikely because the control sections incubated with 1 O-5 M haloperidol had only the slightest perceptible binding. Further, background was not so high as to obscure borders between regions with major differences in binding density, such as shown for the substantia nigra, nor to blur the punctate "cellular" appearance of the autoradiographic binding in some districts, for example, in nuclei of the somatic motor column and in the red nucleus, characteristic also of the binding in rat and guinea pig McLean and Weber, 1988) .
Interpretation of the autoradiographic patterns Four immediate questions challenge functional interpretation of autoradiographic binding site distributions: (1) Are the binding sites localized actually functional receptors? (2) Do the distributions accurately reflect the distribution of an endogenously active transmitter substance? (3) Do the sites localized represent steady-state patterns of receptor (and ligand) binding? (4) Do the sites have particular subcellular distributions indicative of their biologic action? There are no sure answers to these questions for any class of binding site yet studied in mammalian brain. For the sigma sites we analyzed here, interpretation is especially difficult because powerful physiological and psychological effects have been attributed to these sites on the basis of drug studies, but endogenous ligands have not been identified with certainty. Despite these limitations, functional studies of a number of ligands have suggested that the distribution of binding sites can offer valuable clues to identifying functionally distinct neurotransmitter-related subsystems in the brain. Our findings with )H-DTG suggest that in the nigrostriatal pathway at least one such subsystem may be defined by its preferential association with haloperidol-sensitive sigma binding sites.
Two lines of evidence on the physiological effects of sigmapreferring ligands are directly pertinent to the nigral binding patterns we have observed. First, the application of sigma-selective ligands to in vitro preparations of mouse (Campbell et al., 1987) and guinea pig (Vaupel and Su, 1987) vas deferens has been shown to enhance electrically evoked activity, and this effect has been found in the mouse preparations (Campbell et al., 1987) to be accompanied by increased release of norepinephrine. Thus, in a classic bioassay system, sigma-selective ligands modulate catecholamine release. It seems justifiable to propose, given the selective pattern of binding found here, that sigma-selective ligands might act analogously on dopamine release from the substantia nigra. This proposal continues an extensive second series of studies (e.g., see Hjorth et al., 1981 Hjorth et al., , 1983 Hjorth et al., , 1985 Arnt et al., 1983a, b; Clark et al., 1985) exploring the possible interactions of 3-PPP and related agents on dopaminergic functions, as discussed further below. Interestingly, an ionic mechanism that could underlie nonagonist effects on transmitter release has recently been proposed for the PCP receptor. In synaptosomal preparations, SKF 10,047 and PCP are reported to block a nonactivating voltage-sensitive potassium channel, an action compatible with prolongation of the action potential and increase of transmitter release. No comparable evidence is yet available for the actions of DTG either in the periphery or CNS.
Second, experiments in the rat point to the cell bodies (or dendrites) of dopamine-containing nigrostriatal neurons as the sites of at least part of the sigma binding found in the substantia nigra: intrastriatal injection of the neurotoxin 6-hydroxydopamine (6-OHDA) destroys over 30% of nigral 3H-3-PPP binding at 2 week survival times . Our findings in the cat are compatible with such a cellular localization.
The single region of heightened )H-DTG binding in the feline substantia nigra is precisely the zone with the highest density of cell bodies in the entire A8-A9-A10 complex. The differentially high levels of binding in the densocellular zone could thus reflect a larger number of sigma receptor-bearing cells in this zone rather than a greater number of sigma sites per neuron there. Now that the DTG-binding subunit of the sigma receptor has been isolated (Kavanaugh et al., 1987) , it may soon be possible to approach this question with receptor-immunohistochemical methods. Either alternative, however, would lead to the prediction of a greater effect of sigma-selective drugs on the densocellular zone than on other parts of the nigral complex.
Possible functional implications Many of the psychotomimetic and antipsychotic compounds that act at sigma sites have actions that are suggestive of effects on dopamine-containing neurons and their targets. In fact, some of the effects of 3-PPP are very similar to the effects of dopamine autoreceptor agonists (Hjorth et al., 198 1, 1983 (Hjorth et al., 198 1, , 1985 Arnt et al., 1983a, b; Clark et al. 1985) . The fact that some classes of drugs have dual affinities for dopamine receptor and sigma receptors has greatly complicated interpretation of these response characteristics. The premiere example is the antipsychotic drug haloperidol, which is a dopamine D2 receptor blocker but has a definitionally high affinity for the sigma receptor (Su, 1982; Tam and Cook, 1984) . The effects of haloperidol and related drugs clearly may be related to their actions at both sites; but sorting out such differential actions has been difficult .
The present findings add evidence that may be crucial in efforts to understand what links there are between sigma receptor-mediated and dopamine receptor-mediated effects in the nigrostriatal system. The fact that sigma-specific ligand binding in the substantia nigra is densest in an anatomically discrete part of the substantia nigra pars compacta, at least in the cat, means that sigma-selective ligands may, in part, affect dopamine receptors indirectly by altering the functional properties of this set of dopamine-containing neurons. We further found that the site of densest sigma-ligand binding in the nigral complex is also the site of densest D2-selective ligand binding. There is no cross-reactivity between 3H-DTG and dopamine receptor-related binding sites at any 3H-DTG concentration (Weber et al., 1986a) . Thus, a drug such as haloperidol, by binding both at sigma sites and at D2 sites in the densocellular zone, may have . Specific (A) and non-specific (B) "H-DTG binding in the striatum and adjoining regions in near-serial sections from case CDAR-6. CN, caudate nucleus; P, putamen; NA, nucleus accumbens; IC, internal capsule; Off T, olfactory tubercle; S, septum; PC, piriform cortex (with dense band of labeling). Scale bar, 2 mm. dual and interacting effects on the dopamine-containing neurons there. Though macroscopic colocalization obviously does not prove cellular colocalization, it is of great interest in view of the similarity of certain sigma actions to dopamine autoreceptor activity. It is D2 receptors that are thought to mediate dopamine autoreceptor effects in the substantia nigra. Proximity of D2 sites and sigma sites on the same neurons and even the coupling of sigma sites to the D2 sites are possibilities that should be explored.
In contrast to the heightened D2-selective ligand binding in the densocellular zone, Dl -selective ligand binding was low in this sigma-rich zone and higher elsewhere in the nigral complex, including the zone immediately ventral to the densocellular zone and possibly overlapping its most ventral limits (see also Besson et al., 1988) . These Dl sites are thought to lie mainly on the terminals of striatonigral fibers, rather than on nigral neurons (Filloux et al., 1987) . The sigma binding in the pars reticulata and other parts of the nigral complex outside the densocellular zone was moderate or low. Accordingly, though our findings do not point to marked focal overlap between dense sigma binding and Dl binding as they do for the sigma sites and D2 binding, the distributions leave open the possibility of functional interplay between D 1 sites and sigma sites in a more widely distributed nigral zone.
Given the psychotomimetic and antipsychotic effects of sigma-selective drugs, it would have been natural to predict particularly dense sigma binding in the ventral tegmental area rather than in the substantia nigra proper. The ventral tegmental area is known to be the main (though not the exclusive) source of the dopamine-containing innervation of the nucleus accumbens and associated basal striatal tissue. These ventral striatal regions have been defined by their close ties to the limbic system (Heimer and Wilson, 1975) and have been implicated by some as potential sites of malfunction in schizophrenia (Matthysse, D/F-B-E with 2 sections skipped between D/F and B and between B and E. Nuclear regions are identified in C. In each panel, a fiducial line marked by an asterisk indicates the densocellular zone of the substantia nigra pars compacta, and a fiducial arrowhead marks with its tip the level of the ventral limit of intense 3H-SCH23390 binding (B) that mainly underlies the densocellular zone. With these landmarks it can be seen that )H-DTG binding and 3H-sulpiride binding are heightened in the densocellular zone, whereas 'H-SCH23390 and 3H-naloxone binding are denser slightly farther ventrally. SNc(dz)*, substantia nigra pars compacta, densocellular zone; SNZ, substantia nigra pars lateralis; SNr, substantia nigra pars reticulata; A& cell group A8; ZIZ, oculomotor complex; RL., rostra1 linear nucleus; ZP, interpeduncular nucleus; WA, ventral tegmental area. Densitometric measurements of binding in these sections is given in (Heimer and Wilson, 1975; Phillipson, 1979; Swanson, 1982) . Thus, the present findings suggest that, at the level of the midbrain dopamine-containing cell groups, there is a highly selective pattern of sigmabinding within the limbic dopamine system. It will be interesting to determine whether this anatomical specificity bears any relation to the particular psychotomimetic effects of sigma-active compounds, including not only benzomorphans and phenothiazines but also steroids.
extrastriosomal matrix rather than to striosomes (Ragsdale and The dense 3H-DTG binding we observed in the substantia nigra's densocellular zone may also imply special linkage to the Graybiel, 1984; Donoghue and Herkenham, 1986) . limbic system, but a linkage of another sort. Anterograde experiments in the cat strongly suggest that the densocellular zone projects preferentially to the striosomal compartment of the striatum, a differentiated striatal subsystem closely affiliated in the cat with certain parts of the limbic forebrain. Striosomes in this species are the main targets of striatal afferents originating in the basolateral amygdala (Ragsdale and Graybiel, 1988b) , in parts of the prefrontal and insular cortex (Ragsdale and Graybiel, 198 1, 1984) and in the limbic-related midline nuclei of the thalamus Graybiel, 1985, 1988a) . Sigmaactive drugs, by binding to the putative striosome-projecting densocellular zone of the substantia nigra, could thus be exactly in a position to control these limbicostriatal pathways by modulating their dopaminergic input. Both the frontal cortex and the amygdala have been singled out as forebrain regions possibly implicated in the etiology of schizophrenia (Bird et al., 1979; Reynolds, 1983) as has the caudoputamen itself (Wong et al., 1986; Swerdlow and Koob, 1987 ; see also Early et al., 1987) . This is not so for the cingulate gyrus, a part of the classic limbic system, which (like the ventral tegmental area) projects to the tract tracing has been attempted, a medial nigral location has also been pinpointed as a striosomal target Graybiel, 1985, 1988) . The pars compacta, and especially its densocellular zone, is well developed in this medial site, but pars reticulata tissue also reaches this medial part of the substantia nigra; and, as shown here and elsewhere (Besson et al., 1988 ) the Dl-selective ligand 3H-SCH23390, known to mark striatonigral afferents, binds in this ventral zone. If part or all of the striosomal system does project to the pars compacta in the cat, then sigma-mediated modulation of the densocellular zone could result in a chain of direct and indirect actions on nigrostriatonigral circuitry.
Very little is known of the inputs to the densocellular zone that might directly affect its neurons and their receptor sites without the mediation of other intervening axonal pathways. Interestingly, afferents to the caudomedial part of the pars compacta have been traced from the region of the dorsal tegmenturn and raphe (Graybiel, 1977; Bobillier et al., 1979) . A link between the raphe and the densocellular zone would extend the limbic affiliations ofthis nigral subdivision to a part ofthe limbic midbrain that itself displays considerable sigma ligand binding McLean and Weber, 1988; and present results) and that is thought to be important in psychotomimetic drug effects (Aghajanian, 198 1) .
-'H-DTG binding in the striatum the cat that the occasional hints of inhomogeneities in binding
In accord with previous reports on the rat and guinea pig (Larintensity were not considered convincing. gent et al., 1984; Gundlach et al., 1985 Gundlach et al., , 1986 McLean and Weber, 1988) , we found relatively low levels of3H-DTG binding in the striatum itself, either in its dorsal or ventral parts. This observation suggests that sigma-mediated effects on the nigrostriatal system may be dominated by those depending on binding in the midbrain. It must be emphasized, however, that the binding in the striatum, though not dense, was appreciable. Experiments on the rat suggest that as much as 80% of the sigma binding in the caudoputamen is affiliated with intrinsic striatal neurons rather than with dopamine-containing afferents (which might account for about 20%). Independent actions at nigral and striatal levels would thus be indicated. Interestingly, the binding was so nearly uniform in
The effects of any such sigma-mediated modulation of striosomes as proposed here would ultimately depend on the outputs of the striosomal system. These have been difficult to specify for technical reasons. Striosomes, being about the size of cortical columns and forming branched labyrinths, are difficult targets for anterograde tracer injections. Retrograde tracer injections into the known efferent targets of the striatum have been carried out (Graybiel et al., 1979; Gerfen, 1984; Graybiel, 1985, 1988; Gerfen et al., 1987) but subdivisions in these target zones-including those in the substantia nigraare difficult to inject selectively. What is certain is that it is the extrastriosomal matrix, not striosomes, that gives rise to the main efferent projections of the striatum to the globus pallidus and to the substantia nigra pars reticulata (Graybiel et al., 1979; Gerfen 1984; Jimenez-Castellanos and Graybiel, 1985; Fallon and Loughlin, 1987; Gerfen et al., 1987) . The sole target so far identified for striosomal output is the medial part of the substantia nigra. In the rat, it is reported (Gerfen, 1984; Gerfen et al., 1987) that there is a direct projection from striosomes to the pars compacta. In the cat, the other species in which such Species specificity Our rationale for studying 3H-DTG binding in the feline nigrostriatal system was 2-fold. First, in the cat there is experimental evidence pointing to a particular nigral subdivison (the densocellular zone) as projecting to striosomes. Second, there is evidence in this species that patterns of D 1 and D2 receptor-related ligand binding in the substantia nigra are correlated with this specialization of nigrostriatal connectivity. Our observations here suggest that sigma binding patterns may be related to both of these special features of nigral organization. Against these advantages stands the question of whether findings in the cat could inform the important issues surrounding the hallucinogenie and other psychotomimetic effects of sigma-selective ligands in the human and the mechanisms by which sigma-active drugs act in ameliorating schizophreniform symptoms. The fact that the psychotomimetic effects of sigma-receptor activation were originally identified in the dog (Martin et al., 1976) and were subsequently confirmed and extended in primates, including the human (Keats and Telford, 1964; Haertzen, 1970; Ma-tsumoto et al., 1987) , suggests that at least some aspects of the expression of these receptors in brain may be phylogenetically conservative.
